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ABSTRACT: Current fishing practices provide scavenging seabirds with discarded demersal fish. In
order to study the impact of fishery management measures and alterations in the availability of dis-
cards on seabird populations, accurate information on the birds’ diet is essential. Studies of pellets
and prey remains provide a biased picture and tend to be limited to seabird breeding seasons. Study-
ing biochemical markers in bird tissues can complement other methods. In this study, captive herring
gulls Larus argentatus were fed alternating diets of North Atlantic demersal and pelagic fish, and
changes in the fatty acid signatures (FAS) of the birds' plasma were followed. The large differences
in FAS of demersal and pelagic fish caused several clearly detectable differences in the plasma FAS
of the gulls fed on these fish. A change from demersal to pelagic fish or vice versa could be detected
in plasma FAS within 5 d of switching the diet, and transient changes in the gull's nutritional status
did not disturb the use of the FAS. Relatively high levels of branched-chain 17:0, 18:1n-7 and 20:4n-6
are indicative of a diet of demersal fish, and high levels of 14:0, 22:1n-11, 20:1n-9, 18:2n-6, 18:3n-3
and 18:4n-3 occur when gulls eat pelagic fish. These reference FAS can be used to estimate the

importance of demersal and pelagic fish in the recent diet of scavenging seabirds.
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INTRODUCTION

Globally, some 25 million t of fish are discarded at sea
each year (Alverson et al. 1994) and most of those dis-
cards are demersal fish that would not normally be
available to seabirds as natural food (Furness 2003).
Populations of scavenging seabird species in the North
Sea have been estimated to have increased at least 10-
fold from 1900 to 2000 (Mitchell et al. 2004). One of the
reasons for this increase has been the current practices
of demersal fisheries that have provided the scaveng-
ing seabirds with large amounts of discards, such as
undersized haddock Melanogrammus aeglefinus and
whiting Merlangius merlangus, and offal (Garthe et al.
1996, Stratoudakis et al. 1998). However, the recent
quantities of discards in the North Sea have been
relatively low, and are expected to decline even further,
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because of reduced fish stocks, management measures
and more selective fishing gears (ICES 2002). The FAO
code of conduct for responsible fisheries also advocates
the drastic reduction in the amounts of discarding (FAO
1995). The reduced availability of discards is likely to
have consequences for seabird populations, including
scavenging species that are of international conser-
vation importance, e.g. the great skua Stercorarius
skua in the North Sea (Ratcliffe et al. 1998, 2002),
Audouin's gull Larus audouinii and Balearic shear-
water Puffinus mauretanicus in the western Mediter-
ranean (Oro & Ruiz 1997, Oro & Pradel 2000, Oro et al.
2003). Besides the effects on body condition (Hiuppop &
Wurm 2000), the shortage of discards leads to prey-
switching by scavenging seabirds such as skuas, in-
cluding increased predation on smaller seabird species
(Oro & Furness 2002, Votier et al. 2004).
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In order to study the impact of fisheries' discarding
rates on seabird populations, it is essential to obtain
accurate information on the diet of scavenging sea-
birds. However, in many cases, the information pro-
vided by the conventional studies of pellets or prey
remains is very limited, and concerns only the last
meal. In addition, these pellets and prey remains do
not represent assimilated food, and the prey item data
are biased towards prey types that have low digestibil-
ity and leave clear remains (Frank 1992, Hobson et al.
1994, Votier et al. 2001, 2003). Due to the limitations of
the traditional methods, and because direct observa-
tion of feeding is rarely possible, there is a growing
interest in the use of biochemical markers in tissues of
top predators as indicators of diet.

Fatty acids and stable isotopes of nitrogen and car-
bon are candidate biochemical markers to assess rela-
tive contributions of different dietary items in the diet
of carnivorous mammals, birds and fish (Rau et al.
1992, Hilderbrand et al. 1996, Iverson et al. 1997,
Bearhop et al. 2002, Bradshaw et al. 2003). Stable iso-
tope ratios are normally used to indicate the trophic
level or large-scale differences in the diets of preda-
tors. In contrast, fatty acid analysis of predator tissues
may have the potential to reveal more detailed infor-
mation on the predator's diet (e.g. Iverson et al. 2004).
We tested the applicability of both fatty acids and sta-
ble isotopes to indicate demersal and pelagic fish diet
by feeding trials using captive herring gulls Larus
argentatus as model scavenging seabirds. The results
of the stable isotope approach will be reported else-
where (A. Kelly et al. unpubl.). This study focuses on
the use of gas-liquid chromatographic data of plasma
fatty acid composition as an indication of prey type.

Since the advent of modern gas-liquid chromatogra-
phy and high-resolution capillary columns, reports on
detailed fatty acid compositions in various animal tis-
sues have accumulated showing that the fatty acid
composition of predator tissues are affected by dietary
fatty acids (Rouvinen & Kiiskinen 1989, Kakelda &
Hyvdrinen 1996, Kakela et al. 2001, Dahl et al. 2003,
Iverson et al. 2004). The fatty acid composition of
storage so-called neutral lipids is normally closer to the
ingested mixture of fatty acids than the composition of
structural lipids. However, during breeding season,
and in the case of protected bird populations sampling
of the blood, which contains both structural and neu-
tral lipids, is safer for the birds than taking adipose
tissue biopsy.

At present, the chromatographic analyses of detailed
fatty acid compositions, i.e. fatty acid signatures (FAS),
of the predator and prey are usually combined with the
use of either multivariate statistical analyses (mainly
principal component analysis, PCA) or classification
and regression trees (CART) (e.g. Iverson et al. 1997,

Olsen & Grahl-Nielsen 2003). In addition, a statistical
model for prey identification in particular was pub-
lished recently (Iverson et al. 2004). However, distin-
guishing between different dietary groups by means of
these advanced analyses of FAS necessitates that the
prey species have distinct differences in their FAS.
Another prerequisite is that these differences are
transferred into the tissues of the predators efficiently
enough to produce significant compositional changes
that can be linked with the prey type. It should be
noted that fatty acids are extensively metabolised in
the predator’s tissues, and that the efficiency of accu-
mulation and degree of modification depends on the
type of tissue (Brockerhoff et al. 1967, Soriguer et al.
2000). Thus, the fatty acid compositions are not trans-
ferred intact, and, as shown by Grahl-Nielsen et al.
(2003), the FAS may not be powerful enough to reveal
all of the predator—prey interactions. In addition, in
order to interpret the information from the FAS cor-
rectly, it is crucial to know how long it takes for the
FAS in a particular tissue to react to a change in the
diet. Thus, the use of FAS for assessing the prey of wild
seabirds or other top predators requires careful feed-
ing experiments in which representative model species
are fed the most common prey items, and the modifica-
tions due to the metabolism of the predator are deter-
mined.

In this calibration study we studied the transfer effi-
ciencies and turnover rates of fatty acids characteristic
of pelagic or demersal fish in the plasma FAS of her-
ring gulls. Our aim was to test the suitability of FAS as
a means of discriminating between pelagic and demer-
sal fish in seabird diet, and to create reference data
that can be used when assessing the relative contribu-
tions of demersal discarded fish and pelagic fish in the
diet of scavenging seabirds in the North Sea and other
regions of the Atlantic Ocean.

MATERIALS AND METHODS

Feeding trial and sampling. Ten captive-bred adult
herring gulls were housed in outdoor aviaries (3 x 6.7 X
2.1 m) at the Institute of Avian Research ‘Vogelwarte
Helgoland’, Wilhelmshaven, Germany on a mainte-
nance diet of dried terrestrial food (main fatty acid
composition as mol%: 14:0 2.4, 16:0 37.5, 18:0 5.3,
18:1n-9 29.8, 18:1n-7 1.1, 18:2n-6 16.3, 18:3n-3 1.2).
The birds were divided into 3 groups and were fed
diets that comprised different species of North Atlantic
fish; the pelagic species herring (Clupea harengus,
undersized young individuals, 1.8 + 0.6 % lipid, wt/wt),
sardine (Sardina pilchardus, 10.8 + 3.0% lipid) and
mackerel (Scomber scombrus, 8.3 = 1.2% lipid), the
demersal species haddock (2.0 + 0.7 % lipid), whiting
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(1.0 £ 0.4 % lipid) and flatfish sp. (mainly plaice Pleu-
ronectes platessa, 1.0 + 0.4 % lipid) over a period of
12 wk (fatty acid compositions in Table 1). The fish
were obtained from commercial and research fishing
vessels in the southern North Sea and eastern Atlantic
sampling small fish typical of the sizes discarded by
fisheries. In Group A (N = 4) the birds were first given
a diet of pelagic sardines and then switched to a differ-
ent fish species every 2 wk in the order: haddock-her-
ring—flatfish sp.-mackerel-whiting, in a way that diets
of pelagic and demersal fish alternated. In Group B (N
= 3) the gulls were started on a haddock (demersal)
diet, which was then switched to herring (pelagic) after
6 wk. Group C (N = 3) was started on a sardine
(pelagic) diet and after 6 wk continued on flatfish
(demersal). The gulls were offered 1.0 kg of fish daily
for every 3 to 4 birds, which was all consumed, except
in the case of the sardines, where only 0.5 kg was
eaten per day. The gulls were fed in the morning after
the sampling of blood. Thus, the time interval from the
last feeding to the sampling was approximately 24 h.

The blood samples were taken under licence of the
Bezirksregierung Weser-Ems, Oldenburg. Blood was
sampled by venipuncture from the metatarsal vein
every 5 d for Group A birds, and every 7 d for birds
from Groups B and C via a 23 gauge needle into a
syringe lined with 100 pl of EDTA to prevent clotting.
The blood was centrifuged (for 15 min with 8900 x g at
4°C) to separate plasma, which was stored at -80°C for
2 to 3 mo before analysis. The red blood cell fraction
was removed and stored at —80°C prior to stable iso-
tope analysis, the results of which will be reported
elsewhere.

Fatty acid analysis. Fatty acid composition was
determined in the homogenates of the whole fish and
herring gull plasma. Subsamples were transmethy-
lated according to the recommendations of Christie
(1993) by heating with 1% H,SO, in methanol under
nitrogen atmosphere, and the formed fatty acid methyl
esters (FAME) extracted with hexane in 2 steps. The
methylation method was tested in our laboratory with
fish and bird samples and found to produce identical
results compared to common alternative methods
using methanolic boron trifluoride or hydrochloric acid
as reagent. The dried and concentrated FAME were
analysed by a gas-liquid chromatograph equipped
with 2 injectors and flame ionisation and mass detec-
tors (GC-FID and GC-MS, respectively) (6890N net-
work GC system with autosampler, FID detector and
5973 mass selective detector, Agilent). Both operating
lines were equipped with a DB-wax capillary column
(30 m, ID 0.25 mm, film 0.25 pm, J&W Scientific). A vol-
ume of 2 nl was injected using a split ratio of 1:20. The
injectors were set at 250°C, and the FID and mass
interphase were at 250 and 200°C, respectively.

Helium was used as a carrier gas (1.8 ml min~! for FID
line and 1.0 ml min~! for mass detecting line). The ini-
tial oven temperature of 180°C was held for 8 min,
programmed to rise 3°C min~! to a final temperature of
210°C, which was held for 25 min. The detected peaks
were integrated and the mass spectra extracted using
Agilent ChemStation software. The FAME were
identified based on retention time, mass spectrum and
comparisons with authentic (Sigma) and natural
standards of known composition and published ref-
erence spectra (Christie W.W., www.lipidlibrary.co.uk/
masspec.html). Quantifications were based on FID
responses corrected according to the theoretical
response factors (Ackman 1992) and calibrations with
quantitative authentic standards. The fatty acid pro-
portions were calculated as mol%, and the fatty acids
were marked by using the abbreviations: [carbon num-
ber]:[number of double bonds|n-[position of the first
double bond calculated from the methyl end] (e.g.
22:6n-3). All the quantitatively important polyunsatu-
rated fatty acids (PUFA) were methylene-interrupted.

Lipid analysis. To study the influence of plasma lipid
profile on the FAS, the lipid class composition of
plasma was analysed using a thin-layer chromato-
graphy-FID analyser (TLC-FID, Iatroscan new Mark V,
latron Laboratories). The plasma total lipids of the
Group B gulls were extracted with chloroform-
methanol (2:1, vol/vol) according to Folch et al. (195%)
and separated on Chromarods using petrol ether-
diethyl ether-formic acid (67/2.2/0.75 by vol) as devel-
oping solution. Two replicates were analysed and the
detector responses were calibrated with authentic
quantitative lipid standards (Sigma). The lipid contents
of the dietary fish were determined according to the
same procedure.

Multivariate analysis of the fatty acid data. To
analyse the relationships between FAS of the herring
gull plasma samples the data were subjected to multi-
variate principal component analysis (PCA) using the
SIRIUS 6.5 software package (Pattern Recognition Sys-
tems) (Kvalheim & Karstang 1987). The data were stan-
dardized, and the relative positions of the samples and
variables were plotted using 2 new coordinates, the
principal components PC 1 and PC 2, describing the
largest and second largest variance among the
samples.

RESULTS
Fatty acid signatures of demersal and pelagic fishes
The FAS of the total lipids of demersal and pelagic

fish species differed in many respects (Table 1). In satu-
rated fatty acids, the demersal species were rich in 18:0
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Table 1. Fatty acid composition (mol%) in the dietary fish (N = 6 in each) and plasma of the herring gulls fed these fish (N =3 to 4,

only the samples representing the longest feeding time available on each specific diet were included). The letters following the

SD-value refer to one-way analysis of variance (ANOVA) followed by the Newman-Keuls test. The means with no common letter

differ at p < 0.05 level (the smallest mean is marked with A). If the data failed the normality or equal variance tests (some fatty
acids in the data of herring gull plasma) the significance after Kruskal-Wallis test is given on the right

Fatty acid Dietary fish (N = 6)
Demersal Pelagic
Haddock Whiting Flatfish Herring Sardine Mackerel
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

14:0 3.24 0.60B 1.15 040A 291 1.03B 542 1.44C 8.90 0.89D 7.35 147D
15:0 iso 0.27 0.02C 0.15 0.02A 0.26 0.07 C 0.20 0.04 B 0.19 0.03B 0.29 0.02C
15:0 0.81 0.11CD 0.64 0.09B 0.88 0.04D 0.48 0.04 A 0.83 0.11CD 0.70 0.14BC
16:0 iso 0.20 0.08 B 0.29 0.06C 0.38 0.07D 0.10 0.03 A 0.08 0.02 A 0.11 0.05A
16:0 1524 0.95A 1791 0.25B 1581 1.10A 20.50 241B 19.37 1.26 B 1587 3.32A
16:1n-9 0.50 0.11C 0.35 0.03B 0.90 0.18D 0.27 0.08 AB 0.20 0.04 A 0.23 0.04 A
16:1n-7 4.87 0.67B 2.98 0.99 A 6.20 1.10B 3.45 0.59 A 10.17 1.49C 525 1.07B
16:1n-5 0.34 0.05A 0.32 0.06 A 0.31 0.04 A 0.32 0.07 A 0.43 0.05B 0.32 0.06 A
16:2n-4 0.18 0.04 A 0.19 0.04 A 0.44 0.20B 0.22 0.07 A 093 0.13C 0.31 0.10B
16:3n-4 0.10 0.03 A 0.09 0.04 A 026 0.14B 0.15 0.05A 0.40 0.06 C 0.15 0.05A
16:4n-1 0.09 0.05A 0.11 0.04 A 0.40 0.29B 0.15 0.08 A 0.86 0.15C 0.36 0.15B
17:0 iso 0.46 0.11C 0.71 0.09D 0.8 0.07E 0.15 0.04 A 0.12 0.02 A 0.27 0.09B
17:0 anteiso  0.31 0.07 B 0.57 0.07C 0.80 0.11D 0.13 0.02 A 0.11 0.02 A 0.14 0.04 A
17:0 0.63 0.22B 0.88 0.15C 0.93 0.22C 0.26 0.04 A 0.56 0.10B 0.47 0.20B
17:1n-8 0.66 0.16 C 0.65 0.14C 0.84 0.12C 0.21 0.07 A 0.24 0.01 A 0.41 0.15B
18:0 3.98 0.92B 6.29 0.15D 514 1.06C 2.50 0.58 A 2.96 0.39AB 3.02 0.85AB
18:1n-13 0.22 0.17C 0.90 0.32D 1.36  0.53D 0.03 0.01B 0.02 0.00B 0.01 0.01 A
18:1n-9+11 12.86 1.41C 8.83 0.84B 6.46 0.69 A 9.65 1.71B 566 024 A 1143 297B
18:1n-7 3.66 0.87B 4,84 0.20C 522 0.38D 2.83 0.56 A 236 0.12 A 233 092A
18:1n-5 0.52 0.12D 0.59 0.14D 0.33 0.04B 0.53 0.16 D 0.15 0.01 A 0.40 0.02C
18:2n-6 1.58 0.30D 0.49 0.07 A 0.61 0.03B 1.70 0.18D 1.26 0.13C 1.55 0.26 D
18:2n-4 0.13 0.03B 0.31 0.03D 0.40 0.09E 0.11 0.02 A 0.18 0.02C 0.14 0.02B
18:3n-3 1.24 050B 0.15 0.04 A 0.21 0.07 A 0.86 0.19B 0.87 0.13B 1.33 0.39B
18:4n-3 2.42 0.99C 0.29 0.05A 0.47 0.20A 1.35 0.74B 1.70 0.25B 3.78 1.28D
20:1n-11 1.25 0.53 AB 0.84 0.32A 1.61 043B 0.72 0.23 A 0.70 0.15A 0.73 0.25A
20:1n-9 2.61 0.80B 1.09 0.10 A 0.90 0.25A 5.16 2.81C 5.07 1.34C 8.00 3.30C
20:1n-7 1.02 0.81B 1.00 0.18B 1.68 0.46 C 0.18 0.03 A 0.18 0.01 A 032 0.23A
20:2n-6 0.61 0.20C 0.35 0.07B 0.37 0.08B 0.23 0.04 A 0.21 0.03 A 0.31 0.09 AB
20:4n-6 1.71 0.57B 3.26 0.32C 3.31 0.23C 095 0.29 A 0.66 0.14 A 0.69 0.23A
20:4n-3 0.72 0.04D 0.50 0.13B 0.45 0.03A 0.63 0.06 C 0.72 0.06 D 1.07 0.17E
20:5n-3 11.97 1.39C 13.79 0.81D 19.29 281E 8.20 1.62B 9.48 0.89B 592 0.73A
21:5n-3 0.25 0.03B 0.34 0.08C 0.55 0.06D 0.18 0.05 A 0.30 0.02C 0.34 0.06 C
22:1n-11 1.96 0.88B 0.14 0.07 A 0.13 0.07 A 8.24 497C 7.14 2.08C 10.32 4.88C
22:1n-9 0.31 0.12C 0.19 0.03B 0.08 0.03A 0.43 0.18C 0.45 0.09D 0.86 0.16 C
22:4n-6 0.63 0.15D 211 0.25E 2.04 O061F 0.30 0.06 C 0.16 0.05 A 0.22 0.09B
22:5n-6 0.35 0.06 A 0.51 0.06B 0.46 0.03B 0.27 0.05 A 0.28 0.05 A 029 0.10A
22:5n-3 1.24 047B 3.58 0.44C 540 0.36D 0.86 0.18 A 1.11 0.05B 1.32 0.47B
22:6n-3 16.71 1.71C 17.44 3.28C 6.72 0.81 A 18.65 4.33C 11.38 2.97B 9.12 194 AB
24:1n-9 0.43 0.12B 0.65 0.13D 0.14 0.02A 0.59 0.16 CD 0.48 0.05E 0.82 0.13BC

and straight- and branched-chain 17:0 compared to the
pelagic fishes. The pelagic species contained more 14:0
than the demersal species. In monounsaturated fatty
acids (MUFA), the demersal fishes were relatively rich
in 17:1n-8, 18:1n-13, 18:1n-7 and the elongation prod-
uct of the latter, i.e. 20:1n-7. One of the most striking
differences in the pelagic and demersal fishes was that
the pelagic species contained 5 to 10 % (on molar basis)
of 20:1n-9 and 22:1n-11, while these long-chain MUFA
were only 1 to 3% in the demersal species. In poly-
unsaturated fatty acids (PUFA), the demersal fishes

contained in general more of the long-chain PUFAs:
20:4n-6, 20:5n-3, 22:4n-6 and 22:5n-3, but less of their
18-C precursors: 18:2n-6, 18:3n-3 and 18:4n-3.

Transfer of fatty acids characteristic to the fish diets
into herring gull plasma

When the FAS of the dietary fishes and those of the
plasma from gulls fed the corresponding fish for sev-
eral weeks are compared, the first impression is that
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Table 1 (continued)

Fatty acid Herring gulls on specific fish diets (N = 3-4)
Demersal Pelagic

Haddock Whiting Flatfish Herring Sardine Mackerel

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
14:0 0.59 0.19A 0.67 006 A 061 0.07A 208 040C 142 039B 1.86 0.34 BC
15:0 iso 0.09 0.05 0.29 0.17 0.23 0.09 0.18 0.18 0.16 0.19 0.25 0.15
15:0 0.35 0.18 0.30 0.05 0.35 0.02 0.36 0.02 0.51 0.06 0.48 0.05 p <0.031
16:0 iso 0.11 0.06 0.08 0.01 0.15 0.02 0.04 0.01 0.05 0.01 0.05 0.03 p <0.033
16:0 2240 1.51 2274 111 23.92 0.87 24.19 0.51 23.26 1.80 2221 0.75
16:1n-9 0.20 0.01B 0.16 0.03B 0.27 0.01C 026 0.02C 0.12 0.03 A 0.19 0.03B
16:1n-7 1.60 0.35AB 142 009A 208 0.12AB 184 028AB 237 064B 1.64 0.17 AB
16:1n-5 0.10 0.04 AB 0.08 0.01A 008 001A 024 001D 0.12 0.03BC 0.15 0.01C
16:2n-4 0.01 0.01A 0.02 0.00AB 0.05 0.01BC 0.10 0.03C 0.10 0.03C 0.08 0.05C
16:3n-4 0.02 0.01 0.03 0.01 0.02 0.01 0.04 0.01 0.03 0.01 0.03 0.01
16:4n-1 0.01 0.01A 0.02 0.01 AB 0.04 0.01BC 0.08 0.02D 0.05 0.02C 0.03  0.01 ABC
17:0 iso 0.24 0.11 0.20 0.02 0.35 0.04 0.08 0.01 0.08 0.02 0.14  0.01 p < 0.006
17:0 anteiso 0.18 0.08 B 0.15 0.02B 036 0.04C 0.05 0.01A 0.08 0.02 A 0.09 0.01A
17:0 0.55 0.28 0.46 0.09 0.55 0.06 0.42 0.03 0.79 0.08 0.68  0.03 p <0.023
17:1n-8 0.37 0.17 0.31 0.03 0.47 0.03 0.17 0.02 0.17 0.02 0.28 0.01 p<0.016
18:0 17.59 0.63B 17.74 099B 1757 0.28B 13.72 1.10A 17.09 087B 1655 1.14B
18:1n-13 0.21 0.08 0.18 0.03 0.64 0.11 0.02 0.01 0.02 0.01 0.03 0.01 p <0.005
18:1n-9+11 19.70 7.17 19.61 2.28 18.03 1.57 14.47 1.20 11.30 0.55 16.10 0.63 p<0.017
18:1n-7 2.72 0.81BC 228 0.19BC 296 0.08C 159 0.08A 1.90 0.23AB 194 0.17 AB
18:1n-5 0.23 0.08BC 0.18 0.03B 0.15 0.01B 0.27 0.04C 0.08 0.02 A 0.22  0.02BC
18:2n-6 2.02 132A 223 058A 220 039A 571 100AB 9.16 4.26B 299 173A
18:2n-4 0.04 0.03A 0.04 001AB 0.11 0.01B 0.06 0.02AB 0.09 0.03AB 0.06 0.01 AB
18:3n-3 0.14 0.11AB 0.19 0.05B 0.06 0.01A 0.58 0.06C 0.34 0.06 C 0.42 0.10C
18:4n-3 0.08 0.04B 0.11 0.02BC 0.02 0.01A 052 0.08D 0.17 0.07 C 0.41 0.05D
20:1n-11 0.22 0.10AB 0.37 0.08B 0.17 0.03A 0.66 0.13C 0.26 0.08 AB 0.67 0.09C
20:1n-9 0.42 0.17 A 0.84 0.18B 024 0.01A 271 059C 0.72 0.13B 222 0.19C
20:1n-7 0.18 0.09 0.15 0.03 0.36 0.07 0.11 0.01 0.08 0.01 0.08 0.05 p<0.018
20:2n-6 0.21 0.10 0.17 0.02 0.14 0.02 0.18 0.01 0.15 0.02 0.14  0.02
20:4n-6 14.57 3.48B 13.77 1.66B 1448 047B 8.66 0.89A 1066 0.61AB 1222 1.19B
20:4n-3 0.15 0.09AB 0.19 0.04B 0.04 0.01A 024 0.13B 0.14 0.09AB 0.28 0.04B
20:5n-3 485 031A 476 065A 547 0.78AB 893 1.56C 6.82 0.52B 570 0.89 AB
21:5n-3 0.02 0.02 A 0.05 0.02AB 0.09 0.01B 0.06 0.03AB 0.03 0.01A 0.04 0.01A
22:1n-11 0.07 0.06 A 0.32 0.13B 0.05 0.02A 098 0.21C 0.30 0.09B 1.04 0.09C
22:In-9 0.01 0.01 0.04 0.01 0.02 0.01 0.06 0.01 0.01 0.00 0.06 0.01 p < 0.004
22:4n-6 0.34 0.03B 0.31 0.07B 0.59 0.08C 0.14 0.06 A 0.22 0.05AB 0.26 0.08B
22:5n-6 0.29 0.02B 0.28 0.06 B 0.29 0.04B 0.13 0.04 A 0.51 0.15C 032 0.05B
22:5n-3 0.62 0.15A 0.66 0.12 A 1.53 0.12B 0.40 0.03 A 0.43 0.19A 0.50 0.06 A
22:6n-3 6.23 0.65B 6.36 0.90B 2.84 0.05A 732 0.23B 8.38 242B 7.15 0.54B
24:1n-9 0.24 0.07AB 031 0.03AB 0.16 0.02A 035 005AB 022 006AB 037 0.01B

the FAS are very different (Table 1, Fig. 1). The FAS
of gull plasma showed much higher proportions of
18:0 and 18:1n-9, and much less of the long-chain
MUFA. In addition, in gull plasma, 20:4n-6 was
greatly elevated at the expense of all the other PUFA
when compared with the FAS of the dietary fish.
Despite these differences of signature (due to the
avian metabolism; see ‘Discussion’), several character-
istic features that can be linked to pelagic or demersal
fish diets were found.

As a result of the dietary supply, in the plasma FAS
of the gulls fed with pelagic fish the percentages of
14:0 were 2 to 3 times the values of the gulls fed with
demersal fish, which on their part had higher per-

centages of branched-chain (iso- and anteiso-) 17:0
(Table 1, Fig. 1). Secondly, the large supply of
20:1n-9 and 22:1n-11 from herring and mackerel pro-
duced relatively high levels of these acids in the gull
plasma. However, the levels of these MUFA re-
mained fairly low in the sardine-fed gulls, which had
a feeding rate one-half that in the other dietary
groups (see 'Discussion’). Thirdly, the proportions of
18C-PUFA: 18:2n-6, 18:3n-3 and 18:4n-3 were rela-
tively high in the plasma of the gulls fed with pelagic
fish, in accord with the birds' diet. Also in PCA
biplots (objects and variables) the plasma samples of
the gulls fed demersal and pelagic fish were clearly
separated (Fig. 2).
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easily recognised indication of the
importance of demersal fish in the diet
of scavenging seabirds.

Turnover rates of fatty acid signatures
in herring gull plasma

The FAS were determined every 5 or
7 d during the feeding tests. The switch-
ing of the diet affected the FAS of
plasma total lipids already within this
time in all test groups (Group A results
shown in Fig. 4). Thus 5 d was enough
to adopt a new component into the FAS
or extinguish a considerable fatty acid
component. In addition, the FAS of all
the birds in each group responded to

the changes of diet qualitatively and
quantitatively in the same way. Only 1
of the 10 individuals used in this exper-
iment responded exceptionally (see
below).

In theory, the fatty mackerel and sar-
dine should transfer a greater quantity
of fatty acyl residues of lipids into the
gull tissues than the other fishes (per
fish weight). However, no marked dif-
ferences in the rate of change of the
FAS were found in the cases where the
switch was from pelagic to demersal
fish or vice versa (Fig. 4).
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Fig. 1. Proportions of the major fatty acids (mol%, mean + SE) in demersal (had-

Effects of nutritional state on fatty acid
signatures in plasma

dock, whiting, flatfish) and pelagic fish (herring, sardine and mackerel; N = 6 in

each) that showed (A) the largest differences between demersal and pelagic
fishes and (B) the proportions of these fatty acids in the herring gulls (N = 3 to 4)

fed these fishes

Specific fatty acid ratios that indicated whether the
diet of the gulls consisted of demersal or pelagic fish
were studied (Fig. 3). Since plasma lipid class composi-
tion (reflecting nutritional status) affects the plasma
PUFA content and in field conditions partial oxidation
of the sample PUFA may occur, these indicative ratios
were calculated separately for PUFA and MUFA plus
saturated fatty acids. The samples of demersal fish and
plasma of herring gulls fed this fish had clearly larger
values of the fatty acid ratios (iso-17:0 + anteiso-17:0 +
17:1n-8)/(14:0 + 20:1n-9 + 22:1n-11) and (20:4n-6)/
(18:3n-3 + 18:4n-3 + 20:5n-3) than the corresponding
pelagic samples. Thus, these ratios may serve as an

To study the possible effects of tran-
sient changes in the nutritional status of
the gulls on the FAS, both the lipid class
and fatty acid compositions in the
plasma of the gulls in Group B (had-
dock-herring) were followed. Although the plasma
samples were taken 24 h after the last meal, the lipid
contents of the birds' plasma varied considerably
(Table 2). The main feature of the lipid profile that may
affect the FAS of plasma total lipids are the proportions
of fatty acids that originate from lipoprotein phospho-
lipids (2 fatty acids per molecule) and neutral lipids, i.e.
cholesterol esters (1 fatty acid per molecule) and tria-
cylglycerols (3 fatty acids per molecule) (see ‘Discus-
sion’'). It was calculated that in most of these gulls 17 to
31 % of the plasma fatty acids originated from the neu-
tral lipids. However, this variation in the lipid profile
caused no such effects on FAS that would have
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Fig. 2. PCA biplot of plasma fatty acids of the herring gulls fed the different fish
diets. S_p = sardine, § = mackerel, @ = herring, Mm = whiting, @ = haddock,
Flat = flatfish sp. Additional -s means 2 wk (instead of the 6 wk, no postfix) on the

decreased the proportions of PUFA,
abundant in phospholipids. However,
even in this bird, the major markers of
the diet, like the specific fatty acid
ratios mentioned above indicated
the diet accurately at every time of
sampling.

DISCUSSION

The fatty acids of plasma total lipids
originate mainly from phospholipids
of the lipoprotein shelf and neutral
lipids from the inner core of the
lipoproteins. It is a general feature
of vertebrate cells that fatty acyl
residues that can be incorporated into
the membrane phospholipids are
more strictly and partly genetically
controlled than the fatty acids of tria-
cylglycerols and other neutral lipids
that reflect dietary fatty acids more

specific diet before the sampling

impaired their interpretation. In the previously men-
tioned individual that responded exceptionally to
switching of diet, even 46 % of plasma fatty acids orig-
inated from neutral lipids. This unusual plasma lipid
profile raised the proportion of 18:1n-9, characteristic
of neutral lipids, in the plasma of the bird, and

A) Demersal SAT&MUFA ratio in fish
(17:0iso + 17:0 anteiso + 17:1n-8)/(14:0 + 20:1n-9 + 22:1n-11)

0.8 =
0.6
0.4
0.2
0.0

B) Demersal SAT&MUFA ratio of gull plasma

(17:0iso + 17:0 anteiso + 17:1n-8)/(14:0 + 20:1n-9 + 22:1n-11)
1.5

1.2
0.9
0.6
0.3
0.0 =
Haddock Whiting Flatfish Herring Sardine Mackerel

freely (Ackman & Cunnane 1992).
This was demonstrated recently for
chick plasma lipids (Garcia-Fuentes
et al. 2002). It is also known that the
plasma lipid profile varies according to the transient
nutritional state of birds (Totzke et al. 1999). For exam-
ple, in a few herring gull individuals of this study, the
triacylglycerol concentrations of plasma were negligi-
ble, and did not provide enough material for lipid frac-
tionation and subsequent fatty acid analysis. Although

C) Demersal PUFA ratio in fish

(20:4n-6)/(18:3n-3+18:4n-3+20:5n-3)
0.25
0.20
0.15
0.10
0.05 =
0.00

D) Demersal PUFA ratio of gull plasma
(20:4n-6)/(18:3n-3+18:4n-3+20:5n-3)

THT

Haddock Whiting Flatfish Herring Sardine Mackerel

3.00
2.00
1.00

0.00

Fig. 3. Ratios (mol%/mol%) of saturated and monounsaturated fatty acids (SAT&MUFA) (A,B), and polyunsaturated fatty acids
(PUFA) (C,D), in (A,C) the dietary fish (mean + SE, N = 6) and (B,D) plasma of herring gulls (mean + SE, N = 3 to 4) fed the
demersal (haddock, whiting and flatfish) and pelagic (herring, sardine and mackerel) fish
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Fig. 4. Changes in the proportions (mol%) of fatty acid mark-

ers 20:1n-9, 22:1n-11 and 14:0 in 4 herring gull individuals fed

alternating diets of pelagic and demersal fish in the order:

sardine, haddock, herring, flatfish mackerel and whiting. The

switching of the diet is indicated as arrows. Plasma samples

were studied for the fatty acids every 5 d, and the values are
means of 4 gulls + SE

we did not try to assign the origin of different fatty
acids to certain lipids, a crucial question for this cali-
bration study is whether the lipid profiles of seabird
plasma vary to such an extent that the accuracy of the
dietary information obtained from the total lipid FAS is
significantly impaired.

Our data showed that although the lipid profiles of
the herring gull plasma varied (Table 2), the specific
fatty acid ratios calculated indicated the diet accu-
rately (Fig. 3). We have also determined plasma lipid
class compositions in 72 great skuas from Shetland. In
these wild birds, the proportions of fatty acids that
originated from neutral lipids (16 to 49 mol%) were
similar to the proportions found in the captive herring
gulls of this study (17 to 46 mol%) (A. Kékela et al.
unpubl.). Thus, in terms of plasma lipid profiles, the
herring gulls are similar to the wild scavenging spe-
cies, and the results of this study very likely form valid
reference data to be used for several related species of
seabirds.

This calibration data, demonstrated
either by multivariate approach (Fig. 2)
or the indicative fatty acid ratios (Fig.
3), showed that the distinct differences
of FAS between demersal and pelagic

ences were found in the percentages of certain fatty
acids in plasma of the herring gulls fed demersal and
pelagic fish.

The clearest markers of pelagic diet included
the relatively high proportions of 18:2n-6, 18:3n-3,
18:4n-3 and 14:0 that are abundant in pelagic phyto-
plankton, and transferred in the food web further to
fishes (Ackman et al. 1968, Ackman 1999, Napolitano
1999, Budge et al. 2002). The long-chain MUFA,
20:1n-9 and 22:1n-11, also transferred to the birds
from the pelagic fish diet, originate from the alcohol
moieties of zooplankton wax esters (Ratnayake &
Ackman 1979, Saito & Kotani 2000, Dalsgaard et al.
2003). In addition to having low levels of the pelagic
markers, the birds fed demersal fish also have a few
features characteristic of benthic food webs in their
FAS. Microbial lipids of North Sea sediments are rich
in odd- and branched-chain saturated fatty acids, and
the isomer distribution of their MUFA is different
from that of the pelagic fatty acid sources and favours
for example 18:1n-7 (Stoeck et al. 2002). Conse-
quently, the plasma FAS of the birds fed demersal
fish contained relatively high percentages of iso-17:0,
anteiso-17:0, 17:0 and 18:1n-7.

Although there was much more 20:5n-3 than 20:4n-6
available in both demersal and pelagic fish, 20:4n-6
clearly dominated in bird plasma. This is most likely
due to the evolutionary biochemical preferences to
incorporate only certain fatty acids into sn-1 and sn-2
positions of lipoprotein phospholipids (Brockerhoff &
Ackman 1967, Brockerhoff et al. 1967). Since birds
evolved from terrestrial reptiles, which obtained more
n-6 PUFA than n-3 PUFA from their diet, it is likely that
they retained a preference to incorporate 20:4n-6 into
their structural lipids. Consequently, a slightly larger
supply of 20:4n-6 from demersal fish caused clearly
higher ratios of 20:4n-6 to 20:5n-3 and C18-PUFA in
plasma of the birds fed the demersal diets (Figs. 1 & 3).
Fishes that feed on detritus or are top predators are
both normally rich in 20:4n-6 (e.g. Kuusipalo & Kakela
2000, Budge et al. 2002).

Table 2. Concentrations of major lipid classes in the plasma of herring gulls fed
haddock followed by herring (Group B, N = 3 sampled weekly during 5 or 6 wk).
The variations due to sampling time were larger than the variations between the

individual gulls

fish species caused clearly detectable
differences in the FAS of seabird
plasma. Due to the metabolic modifica-
tions in avian body, the dietary compo-

Haddock-fed gulls
(N = 3/wk x 5 wk)
Mean + SD (range)

Herring-fed gulls
(N = 3/wk x 6 wk)
Mean =+ SD (range)

sition is never transferred as such, and
the composition of plasma fatty acids
may differ considerably from the origi-
nal composition of the diet. However,
several relative, even manifold, differ-

Phospholipids (g I'!)
Cholesteryl esters (g 17!
Cholesterol (g 1)
Triacylglycerols (g 1'!)
Fatty acids (mg 17"

7.8+1.4 (5.1-10.5)
43+1.2(2.2-6.6)
1.1+ 0.3 (0.6-1.8)

0.11 = 0.05 (0.04-0.21)
36 + 32 (4-159)

9.1+2.6 (5.0-14.9)
4.7+2.0(1.5-8.2)
1.2+ 0.5 (0.4-2.1)

0.66 = 1.59 (0.005-6.81)
22 + 27 (1-107)
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Less than 5 d feeding on certain prey item was
enough to produce recognisable marks in the plasma
FAS of the herring gulls. Thus, the signatures can be
used to assess the recent diet of the seabirds. In addi-
tion, it is expected that birds eating a mixed diet would
show intermediate FAS between the extreme values
from solely demersal or pelagic fish diet. However,
when estimating the proportions of each type of prey,
additional factors, e.g. the lipid contents of the fish,
absorption efficiencies of different lipids and even bird
age have to be considered (Ward & Marquardt 1983).
Also, during negative energy balance birds may
mobilise the fatty acid resources of their liver and adi-
pose tissues, and these fatty acids representing earlier
meals are subsequently transported in plasma to be
oxidized and esterified in other tissues and recycled
back to circulation. In herring gulls, plasma concentra-
tions of cholesterol and triacylglycerol were found to
increase during experimental fasting (Totzke et al.
1999). Thus, the plasma FAS may also show some signs
of long-term dietary background. For example, the
herring gulls in Group A (as all the other birds before
the experiment) were fed basal pellet feed that con-
tained large amounts of saturated fatty acids, MUFA
and 18:2n-6 as the major PUFA. When the gulls were
offered sardine, the consumption rate was only one-
half that when the birds were fed the other fish diets.
Consequently, in the plasma FAS of these birds, the
pelagic markers showed unexpectedly low propor-
tions, except the 18:2n-6, apparently released from
long-term stores, which showed unexpectedly high
proportions.

The results of this calibration study suggest that FAS
of plasma total lipids can be used to estimate the pro-
portions of discarded demersal fish and pelagic fish,
which have very different FAS, in the diet of scaveng-
ing seabirds. As demonstrated, the use of plasma FAS
benefits from the fact that transient changes in nutri-
tional status do not significantly impair the accuracy of
this approach. Plasma samples are ideal to study the
recent diet of the birds. For assessing the long-term
dietary background, however, fatty acids of carefully
selected adipose tissues that have a slow turnover rate
of fatty acids must be studied.
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